M) for hormone and exist in low concentration (2-6 X 104 molecules) in target cells. Upon binding the entering hormone, the receptor appears to undergo an ill-defined "activation" reaction, which enhances the affinity of receptor for nuclear interphase chromosomes. The activated hormone receptor complex accumulates in the nucleus and is found bound to chromosomal DNA. Within 30 min, synthesis of new high molecular weight precursor to messenger RNA is initiated. The aggregate experimental evidence from many model systems and laboratories indicates that the level of DNA transcription is the primary focal point of steroid action in target cells. After accumulation of precursor mRNA, these molecules are processed in a complex splicing reaction so that all intervening sequence (intron) RNA is removed. At this point the mature mRNA can now relocate to the cytoplasm, attach to ribosomes, and code for the hormonemediated synthesis of enzymes and structural or secretory proteins (2) (3) (4) (5) .
In the chick oviduct, a series of investigations designed to define the pathway for progesterone (and estrogen) effects on egg-white protein (e.g., ovalbumin, ovomucoid, and avidin) synthesis has led us to postulate the specific sequence of events shown summarized above and shown in Fig. 1 (6) (7) (8) .
It has been postulated that hormones act primarily at the level of DNA transcription from the following lines ofevidence. Hormone-receptor complexes accumulate in the nuclear compartment and bind to chromosomal DNA with high affinity.
Steroid-regulatable genes contain sequences in their 5'-flanking regions that preferentially bind receptors with an affinity greater than average DNA (9, 10 In chick oviduct cells, we have reported the existence of a receptor complex composed of two hormone-binding subunits (8, 17, 18) (Fig. 1) . Subunit A (79,000 mol wt), which binds to deproteinized DNA with high affinity (Kd -10`0 M), is considered to be the "effector" subunit (19, 20) . Subunit B (105,000 mol wt), which binds to interphase chromosomes (Kd -5 X 10-9 M), has been postulated to play a "specifier" or catalytic role in chromosomal localization of hormone-receptor complex (16). The structural proof and structure-function speculations have been published in detail previously (19, 21) . It is noteworthy that a similar subunit structure has been reported recently for the progesterone receptor in human cultured cells (22) . Nevertheless, it seems clear that the receptors for separate classes of steroid hormones are structurally distinct, although certain properties are common to all.
In the present review, I wish to emphasize the complexity of steroid hormone action at the level ofthe intact cell. I suggest that steroid hormone regulation ofgene expression may require a series of coordinate structural interactions that occur at least at four separate levels ofcellular organization. Due to the length restrictions and purpose of this review, this is not meant to be comprehensive relative to the totality ofpublications in the field of steroid hormone action.
In the chick oviduct, we have characterized four genes (ovalbumin, X, Y, and ovomucoid) in terms oftheir primary structure and inducibility in response to hormone administration. The ovalbumin gene has been sequenced completely together with its surrounding genomic regions (23) (24) (25) Figure 1 . Schematic representation of the pathway for steroid hormone action in a eucaryotic cell (e.g., chicken oviduct). In this scheme, progesterone binds to the receptor complex and it interacts with interphase chromosomes, presumably at or near the 5'-flanking DNA of regulatable genes. Gene activation occurs and a large precurthat it directs RNA polymerase II to initiate transcription at the proper site located 32 bases downstream. If as little as a single base pair is changed to a G-C within the TATA box, accurate transcription is abolished (26, 27 222 , or 95 nucleotides of 5Y-flanking sequence of ovalbumin gene had been removed. Half of the cultures were then exposed to progesterone. The presence of progesterone stimulated accumulation oftranscripts ofthe intact ovalglobin gene. Deletion of all upstream sequences (5') of -95 eliminated the progesterone-mediated induction of transcripts. In contrast, deletion of sequences located only 5' to -222 still allowed regulation of transcription by progesterone as did another deletion to -323. Neither the deletions themselves nor the presence ofprogesterone had any effect on the level of SV40 early gene transcripts.
These experiments indicated that the removal of upstream sequences in the region of -95 to -222 lead to the elimination of the capacity to respond to hormone (Fig. 2) . It was of considerable interest that the sequences containing both the capacity to respond to hormone and the preferential DNA binding site for receptor were located within this same region of the genome (10, 29; and Compton, J. G., W. T. Schrader, and B. W. O'Malley, submitted for publication).
As mentioned above, the entire picture relating to steroid hormone regulation of gene expression cannot be explained by even the most explicit definition of receptors and primary DNA structure. We need to understand why the same receptors do not regulate the same gene sequences in different cells. To clarify this "nuclear capacity" to respond to hormones, we were required (30) to determine structural differences in the genomic area that contained the ovalbumin gene family relative to other cells in which these same genes are not expressed. This work has been published in detail elsewhere (31) (32) (33) and only will be summarized to illustrate conceptual points. Approximately 100 kilobases (kb) of DNA containing and surrounding the ovalbumin family of (X, Y, OV) genes exhibit a preferential sensitivity to DNase I in the chromatin of oviduct cells. In other tissues where these three genes are not expressed, no such preferential sensitivity is observed. We interpret this to mean that in cells where these genes are to be expressed the surrounding chromatin DNA in this 100-kb domain is packaged differently from the majority of the DNA in the bulk of the chromatin (Fig. 3) .
The fact that a gene is in a DNase I-sensitive or more "open" chromatin state is not entirely sufficient for it to be actively transcribed. This is demonstrated by the fact that the DNase I sensitivity of the entire domain persists in nuclei isolated from hormonally withdrawn chicks in spite of the shutdown of ovalbumin gene transcription. An analogous result was obtained for the globin gene itself in transcriptionally inactive erythrocytes. Therefore, DNase I sensitivity appears to reflect a more accessible chromatin structure which in turn relates to the developmental capacity of a cell to express the gene in question. It can be viewed as a necessary but not wholly sufficient step in the prior commitment of a cell to allow a certain gene to be expressed. Such a mechanism would make it possible for distinct cell types to respond to a single inducer each in its own individual and distinctive manner.
In other words, all genes which are ever to be expressed in a given cell must be contained within these unraveled or accessible regions of chromatin at the time of terminal differentiation. The chromosomal domains appear to be related to molecular differentiation since they are tissue-specific and "irreversible." The DNA that is not contained in these domains could be passively packaged into a more complex higher-order structure by histones. The DNA in such a higher-order structure, the majority of DNA in each cell type, would be unavailable for interactions with regulatory molecules. The containment of such genes in these structures only provides the "capacity" for expression. Once included in this "expressible" domain, it is now accessible to regulatory factors or influences such as hormone-receptor complexes (Fig. 3) .
Finally, it would be appropriate to conclude by discussing an even more complex structural interaction of cellular genes and genomic domains with the nuclear matrix (34, 35) . In a series of recently published experiments, we have investigated the possibility that selected regions of genomic DNA might be attached to the nuclear matrix or nucleo-skeleton. The nuclear matrix is a fibrillar proteinaceous skeleton that appears to form a structural support for the nucleus with its contents. It may be analogous to the cytoskeleton of the cytoplasm. Although the nuclear matrix has not been rigorously defined in biochemical or cell biological terms, its potential importance in DNA synthesis (34, 36) , and processing of mRNA precursors (37) has been documented. In recent experiments, we questioned whether the differential structural attachment ofgenomic sequences might cause these sequences to be made more or less available to the transcriptional apparatus.
In fact, we found that all the actively transcribed gene sequences that we tested were associated with the nuclear matrix, while nontranscribed sequences were localized in unattached chromatin structures and could be released by restriction nuclease treatment (38, 39) . This conclusion is consistent with the idea that the nucleus is a highly organized organelle and that transcription may occur on a matrix structure rather than free in solution. This attachment to the matrix could either facilitate transcription of DNA by RNA polymerase or it may be a concomitant oftranscription. Cessation oftranscription in the presence of actinomycin D does not itself lead to release of genes from the matrix.
It is interesting to note that steroid hormone receptors also have been found associated with salt-insoluble nuclear subfractions and the nuclear matrix (40, 41) . Upon hormonal withdrawal the receptors were no longer associated with the nuclear matrix. Although receptors could play some role in the attachment of the inducible genes to the nuclear matrix, it is unlikely that the receptor is the sole protein component binding the active gene to the matrix structure.
In conclusion, it is fair to speculate that the cellular forces involved in steroid hormone induction of gene expression are complex indeed. These parameters are summarized in Fig. 4 . At the present time, our best guess on the major structural determinants for induction are as follows: (a) steroid receptor is the obligatory and active intermediate to transduce the informational signal inherent in the hormone to the regulatable gene; (b) the linear sequence of the gene itself is of obvious importance since it not only contains the inherited structural code for the protein, but it appears to contain structurally distinct "promoter" and "regulatory" sequences, the latter of which both binds receptor and determines the maximal rate of hormone-induced gene expression; (c) inducible genes are contained within large structurally distinct (DNase I-sensitive) domains that are an index of molecular differentiation and that are likely to maintain the capacity of genes to respond to inductive influences; and (d) the chromatin itself undergoes a specific attachment to the nuclear matrix so that actively expressed regions of these domains appear to be more firmly bound, and perhaps, more easily transcribed by the nuclear transcriptive apparatus. This picture is only complicated further by consideration of other potentially important levels of substructure such as modification of primary DNA sequence (e.g., methylation and Z-DNA) and chromatin fine structure (DNase hypersensitivity).
It appears safe to speculate that only by obtaining more precise structural and functional information on each of these IV. Nucleus (Matrix?) levels ofregulation can we understand completely the molecular mechanism of steroid hormone action. To accomplish this task, a continued application of the combined technologies of molecular biology and cell biology will most certainly be required.
